We discuss implications on the H 0 tension due to preferred-frame effects in context of Hořava-Lifshitz gravity. By using a combination of low-redshift data (Sne1a, elliptical and lenticular galaxies, GRB's, and quasars) we discuss the H 0 tension and its appearance as a preferred-frame effect, as well as present new constraints on the model parameter λ. Moreover, from the structure of the gravitational action, we argue that up to 25% of the Hubble tension can be explained by Lorentz-violating effects in a Hořava-Lifshitz scenario.
Introduction
A long-standing problem in theoretical physics is the issue of quantum gravity, how to merge general relativity with quantum field theory. Although substantial effort has been put forth for several decades there is to date no clearly compelling candiddate. The main problem is that general relativity is not perturbatively renormalisable, which is a serious obstacle for standard quantisation techniques, leading to the breakdown of general relativity at small scales. Many models have been proposed to deal with this problem, such as string theory and loop quantum gravity, and while these theories do resolve some of the problems of general relativity, there are few avenues available to test them [1, 2] . Indeed, the fact that general relativity has passed every test so far indicates that it is an excellent model for the IR behaviour or quantum gravity. This is natural since quantum-gravity effects are expected to emerge at energies close to the Planck energy. A natural course of action is then to study UV-completion of general relativity, for example [3, 4] . Another interesting proposal for a UVcomplete theory of gravity is Hořava-Lifshitz gravity, which contains general relativity as an IR fixed point [5] . The original proposal had problems such as ghost modes and instabilities, which were subsequently addressed in a series of papers, for example [6] [7] [8] . Since then, much work has been done on the subject, ranging from cosmological studies [9] [10] [11] [12] [13] [14] [15] [16] , dark energy [17, 18] , bouncing scenarios [19, 20] , and strong coupling [21] among others. Hořava-Lifshitz gravity is a perturbatively renormalisable theory of gravity, which is accomplished by introducing a Lifshitz scaling between space and time in the UV [5] which explicitly breaks Lorentz invariance. It is important to mention that Lorentz invariance is a building block of modern physics, and breaking it may seem counterinuitive. However, since the Planck scale and quantum gravity likely will contain completely new physics on quantum scales it is useful to not a priori assume Lorentz invariance, which is a continuous symmetry, in this sector.
Recently, various measurements of the Hubble constant, H 0 , have revealed a discrepancy between the value at high and low redshift, respectively. In fact, this discrepancy has been confirmed by many independent observations (using ΛCDM as a background model) at low (quasars [22] , gravitational waves [23] [24] [25] , Cepheid stars [26] [27] [28] ) and high (Cosmic Microwave Background [29] , Baryon Acoustic Oscillations [30, 31] , the inverse distance ladder [32, 33] ) redshift. The difference in the value of the H 0 from these different observations lie around 4% -9%. Many scenarios have been put forth as explanations or alleviations of the H 0 tension, for example dynamical dark energy [34] , screened fifth forces [35] , the late decay of dark matter [36] and more, but the H 0 tension has proved diffcult to resolve. In this paper we investigate the presence of a preferred frame in the Universe and its effect of the H 0 tension. Working in a Hořava-Lifshitz model we constrain the discrepancy between our local frame and the preferred frame.
Moreover, we suggest that part of the Hubble constant discrepancy is due to Lorentz violation in the ultraviolet regime.
Hořava-Lifshitz Gravity
Hořava-Lifshitz gravity is a proposal for a nonrelativistic theory of gravity, which breaks Lorentz invariance in the ultraviolet by introducing an anisotropic Lifshitz scaling between space and time on the form t → b −z t, x i → b −1 x i (breaking Lorentz invariance), where z is a critical exponent [5] . Lorentz invariance is restored for z = 1, but in order to have power-counting renormalisability it is necessary to have z ≥ 3 (for 3 spatial dimensions) [37] , and we will set z = 3.
The theory is power-counting renormalisable and is a candidate theory for quantum gravity. In the IR, the theory reduces to that of general relativity. Much work has been done on this theory, including some early contributions to cure some of the original inconsistencies [7-9, 11, 12, 14, 18, 19, 21, 38-45] . The presence of the anisotropic scaling in the theory leads to a natural description using the Arnowit-Deser-Misner (ADM) formulation, in which the metric reads:
where N and N j are the lapse function and the shift vector, which determine the foliation of spacetime by spacelike hypersurfaces. The breaking of Lorentz invariance in ultraviolet Hořava-Lifshitz gravity manifests as the appearence of a preferred foliation of spacetime, and the symmetry is most commonly assumed to be broken down to t → ξ 0 (t), x i → ξ i (t, x k ). Then, the theory is endowed
M is the manifold and F is the preferred frame. Under the so-called detailed balance condition, the action reads [43] :
where g is the determinant of the spatial metric, ∇ j is the spatial covariant derivative, ǫ is the totally antisymmetric tensor, λ is a dimensionless running coupling, and µ, w, and κ are dimensionfull constants (mass dimension 1, 0, -1, respectively). Any higher-order terms are assumed to be Planck suppressed by M −n Pl (at order n), where M Pl is the Planck mass. K ij is the extrinsic curvature of foliation, C ij is the Cotton tensor.
If we exclude the higher-order terms, the action (2) can be seen as the infrared limit of Hořava-Lifshitz gravity. By using the Stuckelberg trick we can elevate the symmetry group back to full diffeomorphisms [6] . Then, the action reads:
where the "velocity" of the Stuckelberg field (also known as the khronon) is
with the partial gauge fixing φ = t, and the parameter matching [42] . As Hořava-Lifshitz gravity permit two tensor (T) and one scalar (S) gravitational degrees of freedom, the above parameters influence the speed of propagation of these modes as:
3. Bounds on Hořava-Lifshitz Gravity from the H 0 tension
H 0 tension as a preferred-Frame effect
In [46] the authors suggest that the discrepancy ( [26, 47] ) between the value of the Hubble parameter H 0 from CMB measurements and from local data is in fact a reference-frame artefact. Since Hořava-Lifshitz gravity is based on a preferred frame is it natural to also pose this question here. Following [46] we use a flat FLRW metric and define a geodesic observer in the CMB frame as v µ = ( 1 + (ζ/a) 2 , 0, 0, ζ/a 2 ), where ζ is a parameter and a is the FLRW scale factor. For this observer, the metric takes the form:
We may now find a transformation which relates the Hubble constant in the local geodesic frame to that in the CMB frame by H local
the local measurement has to be larger than or equal to its CMB counterpart.
The two values will coincide when ζ → 0. Here we use the value of the Hubble parameter found in [12] . In this paper the authors use Planck data along with a perturbation analysis to find the associated CMB power spectrum, and a Monte Carlo analysis. Here, we adopt a methodology similar to [48] by using several different data sets from a wide, yet local, redshift range. We use the PANTHEON dataset of supernovae type Ia [49] , along with expansion rates of elliptical and lenticular galaxies [50] , gamma-ray bursts [51] and quasars [52] .
These sources are all within redshift range 0.01 < z < 8.2, a large redshift range with multiple sources which we define as our "local" frame, as compared to the z ∼ 1040 for the CMB frame. For details of the method, see [9] . We find that 
We may also use a different value for H 0 in the CMB frame, also found in [12] .
In this case, the authors adhere to solar system Parametrised Post-Newtonian −0.017 ≤ ζ ≤ 0.175 (7) As suggested in [46] we have found bounds on the parameter ζ from observations of the Hubble parameter. Thus, ζ defines a geodesic reference frame where a H 0 discrepancy would emerge naturally.
The H 0 tension and the Hořava parameter λ
It is known that in Lorentz-violating field theories, the gravitational constant measured locally, G local does not coincide with the cosmological one [53] . In fact, we will show that also the gravitational constant can be thought of as frame dependent, and as we are studying the CMB frame we call it G CMB . We may derive from the action (2) that the value of the gravitational constant at different energy scales are related by a single Hořava parameter:
and as we mentioned in the Introduction, λ runs with energy, and we have therefore called it λ CMB in the above relation. This to highlight that it is the value of λ at the time of recombination. The infrared fixed point λ → 1
represents General Relativity, which is also when G CMB = G local . Clearly, in this scenario, dynamics will be different on cosmologcal scales. We will now show that this also have implications for the Hubble tension. This can be understood in two ways. Either from the canonical definition of critical density or from the first Friedmann equation. The critical density is defined as ρ c = 3H 2 0 /8πG, where the presence of the gravitational constant presents a problem in Lorentzviolating field theories. We may now impose that the critical density should be invariant since we may wish for the notion of energy density (Ω x = ρ x /ρ c ) to be the same everywhere. In that case we can rewrite the definition of critical density using also the different values of the Hubble parameter H CMB and H local . We then arrive to the following relation:
and we can see that λ is intimately linked to the Hubble tension. We may also write down the first Friedmann equation as:
Both the Hubble constant(s) and the energy density are empirical; if we had sufficently advanced rods and clocks we could concievably measure them. The only frame-dependent quantity in these equations are the gravitational constants. On this basis we arrive to the same as Eq. (9), namely:
These two ways of reasoning is really the same argument presented in two different ways. The above relation is very succinct and clear, but we have to assume that Lorentz violation only contributes to the Hubble tension rather than being the only cause of it. In light of this it would be more accurate to write the right-hand side as (3λ CMB − 1)/2 + f (θ), where f (θ) is an unknown function of one or more parameters. However, in order to analyse the Hubble tension and its impact on λ, we will set f to zero from now on. We can now use available
Hubble constant data to put constraints on the parameter λ, and also estimate the contribution of Lorentz violation to the Hubble tension.
Constraints on λ CMB
Currently, the most accurate measurements of the Hubble constant comes from the local distance ladder (74.03 ± 1.42 km s −1 Mpc −1 [26, 47, 54] ) and
Planck CMB (67.4 ± 0.5 km s −1 Mpc −1 [29] [57] , and the inverse distance ladder (67.77 ± 1.3 km s −1 Mpc −1 ) [32] . The corresponding bounds on λ CMB derived from these data points can be seen in Table 1 .
Constraints on the Hubble parameter
Using available constraints on λ we can get a value of the Hubble tension through Eq. (12). To our knowledge there is only one bound in the published literature, namely λ = (0.97, 1.01) [58] . Using this we find that H CMB /H local = Table 1 .
It is important to keep in mind that the constraints on λ in [58] were derived using a large set of cosmological data from both high and low redshift, and the resulting value must be considered an average λ. However, since it is the only (to our knowledge) published constraint on λ we have used it, keeping in mind the above discussion. Since λ runs with energy we can assume that it was greater in the early Universe and therefore likely contributes more to the observed Hubble tension than our bound of ≤ 24% (or 36%) indicates.
Discussion & Conclusions
In this letter we have provided new bounds on preferred-frame effects and Hořava-Lifshitz gravity through the H 0 tension. Using a value for H 0 in the CMB frame for Hořava-Lifshitz gravity and a local value from our own Markov-Chain Monte Carlo analysis, we were able to constrain the parameter ζ, which determines the transformation from the CMB to the geodesic frame completely.
In [59] the authors point out an interesting consequence of a preferred frame.
Preferred frame

Constraint
Hořava model (H3) + cosmological data [9, 12] −0.017 ≤ ζ ≤ 0.175 Also, we have also founds new bounds on the Hořava-Lifshitz parameter λ using available Hubble constant data, both from the literature and our own MCMC simulations using cosmological data. We find that some of these bounds overlap significantly with regions of λ known to lead to ghost instabilities in the infrared limit of the theory, but that some bounds also cover a non-pathological parameter space. Indeed, the case where λ has a limit in the allowed parameter space is when we have used MCMC and cosmological data to constrain H 0 within Hořava-Lifshitz theory. However, the Hubble parameter is a physical observable quantifying the expansion of spacetime, and it should therefore be possible to use measurements from different sources in this way. Moreover, we have used available bounds on λ to estimate how much Lorentz-violating effects could contribute to the Hubble tension. We find that to 99.7% confidence level, this contribution is up to 24% using data from the cosmic distance ladder and Planck CMB, and slightly larger (up to 36%) when using Hořava-Lifshitz and cosmological data. Therefore it would make sense to also consider Lorentz-violating field theories in the search to find an explanation for the Hubble tension. 
